The distribution of the alcohol dehydrogenase gene (adh) among different Archaea was investigated by Southern blot analysis revealing the potentiality of the adh gene as a specific marker for the genus Sulfolobus. Moreover, the in vivo expression of the adh gene from a new isolate of Sulfolobus solfataricus, Ga, was studied to investigate gene regulation in Archaea. Primer extension analysis allowed the identification of a single initiation site and the TATA box element. Comparison of the Gaadh promoter with the corresponding Ssadh (adh from S. solfataricus) and RC3adh (adh from Sulfolobus RC3) also revealed the presence of two putative regulatory inverted repeats at the 5P of the TATA element. Northern blot analysis and enzymatic assays demonstrated that the transcription and expression of the Gaadh gene is regulated by different carbon and energy sources or by the natural substrate of the ADH enzyme. z
Introduction
Analysis of complex cytological, physiological and biochemical features has provided evidence of the distinctiveness of the organisms formerly called Archaeobacteria from the common Eubacteria. Analysis of 16S rRNA sequences con¢rmed the existence of a phylogenetically distinct lineage of prokaryotes [1] , Archaea, which show most metabolic aspects closely allied with those seen in Bacteria, but more strongly resemble Eucarya in most informational aspects. The most striking similarity with Eucarya was detected at the transcriptional level. Archaea have just one RNA polymerase [2] , which is similar to eukaryotic pol II and III in structural complexity and possesses subunits which have counterparts in Eucarya but not in Bacteria [3] . Homologies also exist between archaeal and eukaryotic pre-initiation complexes, the TATA box centred at 325 bp upstream of the initiation site as the most important control region directing the initiation of transcription [4] , the corresponding TATA binding proteins [5] , transcription factors and the structural [6, 7] and functional organisation of the complex [8] .
Evolutionary comparisons indicate that Archaea are separated into two diverged kingdoms [1] , i.e. Crenarchaeota, prevalently aerobes comprising the thermophilic sulfur-dependent order Sulfolobales with the largest genus Sulfolobus, and Euryarchaeota, comprising mostly anaerobes such as methanogens and the hyperthermophiles of the Pyrococcus genus. However, some studies have revealed that the two archaeal kingdoms are not so strictly linked and suggested that Crenarchaeota rather than Euryarchaeota might be related to Eucarya [9] .
Therefore, a rapid preliminary tool to identify and distinguish members of one or the other group would be useful. With this aim the distribution of the gene adh encoding a zinc-dependent mediumchain alcohol dehydrogenase was chosen in this study for its potentiality as a marker for the genotypic assignment. In fact, this family of alcohol dehydrogenases is common to the three kingdoms of life, playing a role which is essential though not well de¢ned in cellular defence mechanisms [10] . We recently reported the cloning and overexpression in Escherichia coli of the genes (Ssadh and RC3adh) from two independent species of Sulfolobus, solfataricus and RC3 [11] .
Moreover, since very little is known about the molecular mechanisms controlling gene expression in Archaea [12] , and only a few studies at the transcriptional level have mainly focused on methanogens [13] , the in vivo regulation of the adh gene from a new isolate of S. solfataricus (Ga) was also studied in response to cell growth phases and di¡er-ent alternative nutrients and substrates.
Materials and methods

Bacterial strains
S. solfataricus DSM1617, S. RC3 and S. solfataricus Ga were grown and selected as previously described [14] . S. shibatae was purchased from the Deutsche Sammlung von Mikroorganismen (DSM). S. acidocaldarius, Desulfurococcus mucosus, Thermoproteus tenax, and Pyrococcus furiosus cells were kindly provided by Prof. R.A. Garrett (University of Copenhagen).
Growth of S. solfataricus and ADH substrate sensitivity
Cultures of S. solfataricus Ga were grown at 75³C as previously described [14] using the DSM 182 medium. Inhibition of cell growth by the addition of benzyl alcohol, benzaldehyde, butyraldehyde and benzoic acid in concentrations ranging from 0.5 to 30 mM was investigated, and the minimum inhibitory concentratiom was determined by monitoring the optical density at 600 nm. Induction by carbohydrates was analysed in cells grown in Brock's salt basal medium [15] supplemented alternatively with 0.1% glucose, sucrose, and lactose and tryptone.
Southern blot analysis
High molecular mass chromosomal DNAs from S. solfataricus DSM 1617, S. RC3, S. acidocaldarius and S. shibatae and from D. mucosus, T. tenax, and P. furiosus were isolated as previously described [16] . DNAs were digested separately with EcoRI, EcoRV and BglII. DNAs from S. solfataricus DSM 1617 and S. RC3 were also digested with XbaI. Preparative electrophoresis, capillary transfer onto nylon membranes (Hybond N, Amersham) and UV-induced ¢xing of the DNA followed the procedure described by Sambrook et al. [17] . The RC3adh or Ssadh sequences used as the probes were [K-QP P]dATP radiolabelled using the random priming kit (Boehringer) and hybridisation was carried out at 65³C in 5UDenhardt's, 5USSC, 0.5% SDS. For the analysis of the other Sulfolobus species, DNA hybridisation was performed at 60³C. The membranes were ¢rst washed twice in 1USSC, 0.5% SDS at 62³C (for two 30-min cycles) and exposed while still wet to autoradiography for 3 h, then again washed twice in 0.5USSC, 1% SDS at 68³C and reexposed for 1 h. For the analysis of all non-Sulfolobus DNAs, the hybridisation temperature was lowered to 50³C, washing was limited to two 30-min cycles at 60³C in 2USSC, 0.5% SDS and autoradiographic exposure extended to 16 h. XbaI-digested DNAs from the two Sulfolobus species under study, which were loaded on gel in ¢ve-fold defective amounts (about 2 Wg), were used as control.
Cloning of the 5P adh gene sequence from S. solfataricus Ga
A 450-bp DNA fragment comprising 315 bp upstream of the S. solfataricus Ga adh coding sequence was PCR ampli¢ed using oligonucleotides designed on the basis of the Ssadh gene sequence [18] . The sequences of the 5P and 3P oligonucleotides were: 5P-CGGGGCCCCCTCACAGAAGTTGAG-AG-3P, and 5P-CATGTGCACATCAGAATGACA-AACTCCCGCTGCC-3P respectively. The resulting PCR product was inserted into a pUC18 SmaI/ BAP vector, and sequenced with the Sanger dideoxynucleotide termination method. Multiple DNA alignments and analyses were performed with the Clustal program.
Isolation of total RNA, Northern blot analysis
Sulfolobus Ga cultures were grown in DSM 182 medium or in Brock's salt basal medium supplemented with di¡erent carbon sources as described above, or in DSM 182 medium containing alternatively 0.1% glucose, 1 mM benzaldehyde, 20 mM butyraldehyde, or 1 mM benzoic acid. Cells were harvested by centrifugation when the culture reached an absorbance at 600 nm of 0.6, or 0.2 and 0.8 OD for nutrient or substrate-e¡ect analyses, respectively. Total RNA was extracted by the guanidine thiocyanate method [17] . For Northern blot analysis the di¡erent RNAs extracted (10 Wg) were electrophoretically separated in 1.5% agarose gel containing 10% formaldehyde and transferred to nylon ¢lters. Hybridisation with a denatured Ssadh probe radiolabelled with K-QP P was carried out at 65³C for 16 h in 5UDenhardt's reagent, 6USSC, 0.5% SDS, 100 Wg ml 3I sonicated and denatured calf thymus DNA, and 200 Wg ml 3I yeast tRNA. Filters were washed twice in 2USSC, 0.5% SDS for 20 min at 65³C and once in 2USSC, 0.1% SDS and signals visualised by autoradiography and quanti¢ed with a densitometric analysis.
Primer extension analysis
The extension primer was the reverse primer used for the PCR ampli¢cation and was 5P labelled using polynucleotide kinase and [Q-
QP P]dATP. 10 S cpm (10 T cpm pmol 3I ) of the oligonucleotide were coprecipitated with 50 Wg of total RNA extracted from cells grown in the DSM 182 medium. The mixture was resuspended in the appropriate bu¡er and incubated for one night at 37³C for the annealing, and AMV reverse transcriptase was used to drive cDNA synthesis as described in Sambrook et al. [17] . The resulting products were run on a denaturing polyacrylamide gel and using DNA sequencing reaction products as size standards.
Preparation of crude cell extracts and determination of ADH activity
Crude cell extracts were prepared from cultures grown under the same conditions described above for RNA isolation as indicated by Hu ë depohl et al. [19] . ADH activity was assayed at 65³C as previously described [11] , by spectrophotometrically monitoring the reduction of NAD at 340 nm. 1 mU of enzyme activity was de¢ned as the amount of enzyme that catalyses the reduction of 1 nmol NAD per minute at 65³C. Protein concentration was determined as described by Bradford [20] using the Bio-Rad assay kit and bovine serum albumin as the standard.
Results
Comparative analysis of adh genotypes
To compare and distinguish the di¡erent species of Archaea, Southern blot analyses were performed with DNAs extracted from di¡erent micro-organisms probed with the RC3adh or Ssadh genes; three commonly cultivated species of the genus Sulfolobus were analysed. Species belonging to two other orders of Crenarchaeota evolutionarily more (D. mucosus) or less (T. tenax) close to Sulfolobales and to the Euryarchaeota kingdom (P. furiosus) were also analysed.
The restriction enzymes EcoRI, EcoRV, and BglII were chosen on the basis of the low G-C content of the archaeal chromosomal DNA [21] and because only one band could be expected for the hybridisation. Interestingly, the recognition sites for these enzymes were found to be absent in the coding regions of all the genomic DNAs analysed, since only one band pattern was obtained for each lane (Fig. 1) . The products of limit digestion of total DNA yielded a di¡erent pattern for each Sulfolobus species. Although the hybridisation conditions were similar to those used for S. solfataricus, and RC3, a lower stringency in the washing of the membrane and a more prolonged autoradiographic exposure time were necessary to detect speci¢c bands for the S. acidocaldarius DNA (Fig. 1B) . This result is a further demonstration of the phylogenetic distance of this species from other Sulfolobus representatives [1] . The speci¢city of the probe for the Sulfolobus sequences was also con¢rmed by the even lower stringency conditions necessary to reveal only weakly hybridising bands (Fig. 1C) for the D. mucosus DNA, and by the failure to detect any signi¢cant cross-hybridisation for the T. tenax and P. furiosus DNAs in every experimental condition. A hybridisation pattern identical to that seen for S. solfataricus was observed for Sulfolobus Ga (data not shown), strongly suggesting that it can be considered a novel Sulfolobus of the solfataricus species.
In conclusion, the analysis shown in Fig. 1 resulted in genetic ¢ngerprints demonstrating the potentiality of adh probes to preliminarily identify new species and to verify their evolutionary relationships.
Location of adh mRNA 5P termini and promoter sequence analysis
A 300-bp sequence located upstream of the Gaadh coding region was PCR ampli¢ed using oligonucleotides designed on the Ssadh gene sequence, and sequenced.
The location of the transcription initiation site was determined by primer extension analysis using total RNA extracted from S. solfataricus Ga (Fig. 2) . A single initiation start site was identi¢ed for Gaadh corresponding to a G residue located in the putative box B 10 bp upstream of the ATG start codon. The Fig. 1 . Southern blot hybridisation of chromosomal DNAs from four di¡erent Sulfolobus species and from Desulfurococcus mucosus to the RC3adh DNA probe. Total DNAs were individually digested with EcoRI, (E RI), EcoRV (E RV) and BglII (B II), as indicated at the top of each lane. Archaeal DNA sources were Sulfolobus RC3 (S. RC3), S. shibatae (S. shib.), S. solfataricus DSM 1617 (S. solf.) in A, S. acidocaldarius (S. acid., B) and Desulfurococcus mucosus (D. muco., C). Sulfolobus DNAs were blotted onto the same membrane and hybridised under the same stringency conditions. S. acidocaldarius signals were revealed after washing at lower stringency and prolonged autoradiographic exposure of the membrane. D. mucosus, Thermoproteus tenax, and Pyrococcus furiosus DNAs were blotted onto a separate membrane together with ¢ve-fold lower amounts of S. RC3 and solfataricus DSM 1617 XbaI-digested DNAs (lanes X I, C), hybridised and washed at lower stringency. T. tenax and P. furiosus were used as negative controls of probe speci¢city. The same results were obtained using the Ssadh gene as the probe.
TATA box-like motif relative to the transcription start site was determined. This is centred 325 nucleotides from the initiation site and closely matches the consensus sequences ( / g TTA / e A) of other archaeal promoter regions [22] .
In the search for conserved promoter elements, the 5P £anking regions of the Gaadh gene were compared to those of two di¡erent adh genes, one belonging to the same species, S. solfataricus DSM 1617, and the new isolate RC3 [11] . The nucleotide sequence alignment (Fig. 3) con¢rmed that Ga is a novel and distinct strain of solfataricus. A high degree of sequence conservation (64% identity) is found in the 300-bp promoter, with a most notable identity (87% and 100% when the three promoters or only Gaadh and Ssadh are aligned, respectively) in the 5P regions immediately £anking the TATA element; these sequences contain two consecutive palindromes beginning at 310 and 321 respectively upstream of the TATA box.
Nutrients, substrates, and growth phase-dependent regulation of adh transcription and ADH activity
The regulation of the expression of Gaadh was analysed in S. solfataricus Ga cells grown both at early exponential and at early stationary phase in di¡erent medium compositions, evaluating both RNA synthesis and enzymatic activity levels. S. solfataricus Ga was able to grow on minimal Brock's salt medium supplemented with di¡erent carbon and energy sources at various rates as indicated in Table  1 . The Northern blot analysis using the Ssadh coding sequence as the probe (98% identity with the Gaadh coding sequence) revealed a single hybridisation band with the expected molecular size; the highest induction was observed during growth on minimal Fig. 2 . Primer extension analysis of the Gaadh promoter. The primer extended product (lane 1) was electrophoresed with the sequence ladder (lanes T, C, G, A) generated with the same primer on the non-coding strand of Gaadh. medium supplemented with glucose. Weak bands were always observed when cells were grown in complex media (Fig. 4A) . Enzymatic assays con¢rmed that the levels of ADH activity were higher for glucose-grown cells (Table 1) .
To investigate the e¡ect of substrates such as benzaldehyde and butyraldehyde, or metabolic products, such as benzoic acid, their toxicity for cell growth was examined and the growth rate determined. Concentrations of 1 mM, 20 mM and 1 mM were chosen for benzaldehyde, butyraldehyde and benzoic acid, respectively; under these conditions cell viability was not dramatically a¡ected ( Table 1 ). The expression of Gaadh RNA proved ¢ve times higher for cells grown at 0.2 OD in the presence of benzaldehyde, the natural substrate of the ADH enzyme, compared to cells grown in DSM 182 medium. The intensity of mRNA bands belonging to butyraldehyde-grown cells was only 1.5 times higher than the control RNA. Even milder induction was observed in benzoic acid grown cells (Fig. 4B) . No di¡erence in transcription was observed when the same analysis was performed on the substrate-treated and untreated cells, which were harvested from the early stationary phase (0.8^1.0 OD). In fact, in all cultures tested, comparable Gaadh levels could be detected at this growth phase thus overcoming the time-dependent e¡ect of the inducer. However, a considerable induction was always observed at the early stationary phase in the enriched medium. Similarly, the ADH Fig. 3 . Nucleotide sequence alignment of the adh promoter regions of S. solfataricus Ga (ga), S. solfataricus DSM 1617 (Ss) and S. RC3 (RC3). The positions that are not conserved to the Ga sequence are written in lower case and gaps are introduced to maximise the identity score; the TATA box element (underlined), the transcription start site (marked by an arrow), the translational start codon (underlined) and putative regulatory elements (bold-face letters) are also presented.
enzyme activity proved signi¢cantly greater in cells exposed to benzaldehyde and recovered in the exponential phase, with maximal activities of 11.3 mU mg 3I and 6.1 mU mg 3I for treated and untreated cells, respectively (Table 1) . Lower activation was observed in butyraldehyde extracts (7.9 mU mg 3I ).
Discussion
It has been pointed out that since the discovery of the new archaeal prokaryotic kingdom in general, and the classi¢cation of the genus Sulfolobus in particular, many di¤culties have arisen in the cultivation and assignment of novel individualised species [23] . While 16S rRNA analysis still remains the more e¡ective way to distinguish di¡erent genera, genes such as those encoding ADHs, which have no de¢-nite metabolic role but still are common to very distant organisms, can prove very e¡ective in preliminarily determining the di¡erences at the molecular level among genera and species of the same genus. Recently it has been reported that both nucleotide substitutions in the coding sequences and their £ank-ing regions, and di¡erent enzyme features can allow the de¢nition of novel species of Sulfolobus [11] .
The results of Southern blot hybridisation using RC3adh and Ssadh sequences as the probe proved the similarity of the species examined at the genetic level [11] . Moreover, the results of the patterns in the Southern blot analysis clearly con¢rmed that the species RC3 can be classi¢ed as a novel species of Sulfolobus. In fact, some genomic DNAs of type strains indicated by Zillig as representatives of the S. solfataricus species [23] , such as MT3 (presumably DSM 1616) and MT4, gave hybridisation patterns identical to those shown by DSM 1617 and Ga (data not shown), but di¡erent from those of the other species, S. shibatae, S. acidocaldarius and S. RC3.
A comparison of the Sulfolobus adh promoter regions showed a higher degree of conservation in the region containing the TATA element and 30 bp upstream. This sequence contains two successive inverted repeats which do not seem to be conserved among other archaeal promoters, but which could de¢ne the 5P limit of the functional promoter, since recent studies have evidenced the importance of the sequence elements immediately upstream and downstream of the TATA box [12^24] .
To provide insight into the gene regulation in S. solfataricus, the control of the ADH expression at the transcriptional and enzymatic levels was also studied. The gene was shown to be transcribed as a monocistronic mRNA starting at a single site. In all growth conditions tested, it was possible to sensitively quantify the speci¢c transcript and enzyme activity thus indicating that the adh gene is constitutively and strongly expressed, when compared to other genes such as aspartate aminotransferase from the same organism (M.L. Tutino, personal communication). Induction studies and their kinetics showed an increase of ADH activity upon addition of di¡erent sugars and/or substrates. A phase-dependent induction was observed when enzyme substrates were added, with a maximum e¡ect in the very early exponential phase cells, i.e. after only one duplication. The oxidised substrates were found to be highly toxic and, perhaps for this reason, the strongest inducers, with benzaldehyde being the favourite one. This is in agreement with the observation that in the extremely acidophilic and thermophilic growth conditions of Sulfolobus, spontaneous and rapid oxidation of substrates in reduced form occurs. Enzyme assay data were always corroborated by Northern transcript quanti¢cation as similar trends were observed.
In conclusion, this study revealed that the adh gene in S. solfataricus is sensitively expressed and ¢nely regulated at the level of transcription and it can represent a good model for the investigation in vivo of transcriptionally active regulatory sequences and transcription factors, as well as their interaction.
